The functional role of the ArgP or IciA protein in Escherichia coli is an enigma in that it has been variously described as a canonical transcriptional activator, an inhibitor of chromosome replication initiation, and a nucleoid-associated protein. First identified as a protein that binds specific sequences in oriC in vitro to inhibit the initiation of replication (21) (22) (23) 46) , ArgP was shown (46) to be a member of the family of LysR-type transcriptional regulators (LTTRs) and, subsequently, to be essential both in vivo and in vitro for transcription of the gene encoding the L-arginine (Arg) exporter ArgO (26, 32) ; in Corynebacterium glutamicum, LysG and LysE are orthologous to E. coli ArgP and ArgO, respectively, and LysG is required for LysE transcription (5) . ArgP-regulated transcription in vivo has also been demonstrated for the genes dapB of E. coli (7) and gdhA of Klebsiella pneumoniae (15) .
(That E. coli gdhA may be under ArgP control had also been suggested earlier [33] .) In addition, in vitro studies have suggested that ArgP activates the transcription of the dnaA and nrdA genes that are involved in DNA metabolism and replication (20, (27) (28) (29) .
At the same time, ArgP has also been reported as a nucleoid-associated protein that shows apparently sequence-nonspecific DNA binding activity (2) . The protein exhibits affinity for AT-rich and curved DNA sequences, as determined in vitro by DNase I footprinting or electrophoretic mobility shift assays (EMSAs) (2, 48) . ArgP exists as a dimer at an estimated concentration of around 100 to 400 molecules per cell (that is, around 200 to 800 nM monomers) (3, 23) .
As mentioned above, one of the well-characterized targets for transcriptional regulation by ArgP is the argO gene (26, 32, 37) . Transcription of argO in vivo is activated both by Arg and its toxic analog L-canavanine, both effects being mediated by ArgP. On the other hand, argO transcription is drastically reduced in medium supplemented with L-lysine (Lys), to a level equivalent to that observed in ⌬argP mutants; when both Arg and Lys are present, it is the Lys effect on argO which predominates. Dominant mutations in argP have been identified (designated argP d ) that confer an L-canavanine-resistant phenotype and act in trans to considerably increase argO transcription in vivo over that obtained in the argP ϩ strain (32) . In vitro, the ArgP protein exhibits high-affinity binding to the argO regulatory region in the presence of either coeffector, Arg or Lys, as well as in their absence (7, 26, 37) . Stable recruitment by ArgP of RNA polymerase to the argO promoter is observed in the presence of Arg or Lys, following which the two coeffectors exert dramatically opposite effects in the ternary complex; whereas productive transcription from the argO promoter is stimulated in the presence of ArgP and Arg, RNA polymerase is trapped at the promoter at a step after open complex formation in the presence of ArgP and Lys (26) .
As with argO, in other ArgP-regulated promoters, such as dapB of E. coli and gdhA of K. pneumoniae, Lys supplementation is associated with a decrease in transcription in vivo. In these cases, however, the addition of Lys results in a decreased affinity of ArgP to bind to the corresponding regulatory regions in vitro, suggesting that it is the failure of RNA polymerase recruitment at the promoters which is responsible for Lys repression (7, 15) .
In this study, we have used the ⌬argP and argP d mutations to examine ArgP's role in the regulation in vivo of a number of genes in E. coli that were chosen on the basis of either their identification in the earlier reports or their roles in Lys and Arg metabolism. EMSA experiments to determine ArgP binding with the upstream regulatory regions of these genes in vitro were also undertaken. Our results indicate that negative regulation involving Lys as coeffector is mediated by ArgP and that the target genes include argO, lysP, lysC, asd, dapB, dapD, lysA, and gdhA. Of the genes listed above, argO was unique in several respects, including its responsiveness to Arg, ArgP binding even in the presence of Lys, and behavior with the argP d mutations.
Other genes, such as dnaA and nrdA, did exhibit binding to ArgP in vitro (that was Lys insensitive) but were not regulated by ArgP in vivo. These findings implicate a role for ArgP in Lys metabolism and homeostasis in E. coli.
MATERIALS AND METHODS
Growth media, bacterial strains, and plasmids. The routine defined and rich growth media were, respectively, glucose-minimal A (with amino acids supplemented at 40 g/ml or otherwise as indicated below) and LB medium, as described previously (31) , and the growth temperature was 37°C. The proportion of acid and basic phosphate in minimal A medium was suitably adjusted (42) to obtain a growth medium of pH 5.8. Ampicillin (Amp), kanamycin (Kan), and spectinomycin (Sp) were each used at 50 g/ml, and trimethoprim (Tp) at 30 g/ml. L-Arabinose (Ara) supplementation was at 0.2%.
The E. coli K-12 strains used in the study are listed in Table 1 . Plasmids previously described include the following (salient features are in parentheses): pBAD18 (pMB9 replicon, Amp r , for Ara-induced expression of target genes) (19) , pMU575 (IncW single-copy-number replicon with promoterless lacZ gene, Tp r ) (1), pCP20 (pSC101-based Ts replicon encoding Flp recombinase, Amp r ) (14) , and pHYD1723 (pMU575 derivative with 402-bp argO promoter fragment upstream of lacZ, Tp r ) (26) . Plasmids bearing argP d alleles encoding one of the ArgP variants A68V, S94L, P108S, V144M, P217L, or R295C and the corresponding argP ϩ (pHYD915) and vector (pCL1920) controls (pSC101 replicons, Sp r ) were as described in Nandineni and Gowrishankar (32) . The promoter-lac fusion derivatives that were constructed using plasmid pMU575 in this study are described in Table 2 . Plasmid pHYD2673 is a pBAD18 derivative carrying the lysA ϩ gene from E. coli (genomic coordinates 2975628 to 2976968 [40] ) cloned downstream of P ara of the vector; the gene was PCR amplified from genomic DNA with the primer pairs 5Ј-ACAAGGTACCTTTT ATGATGTGGCGT-3Ј and 5Ј-ACAATCTAGAAGTCATCATGCAACC (KpnI and XbaI sites, respectively, are italicized in the two primers), and the KpnIXbaI-digested product was cloned into the corresponding sites of pBAD18. The construction of plasmid pHYD2606 encoding the ArgP d P274S variant is described below.
Construction of mutant encoding ArgP(P274S). The argP d
(P274S) mutant had previously been described by Celis (10) as one exhibiting dominant L-canavanine resistance but by a proposed mechanism different from that involving activation of argO transcription. Since all the other argP d mutations confer L-canavanine resistance by the latter mechanism alone (32), we sought to construct and test the P274S variant of ArgP in this study. b Genotype designations are as described previously (6) . All strains are F Ϫ . The ⌬argP, ⌬lysP, ⌬lysR, and ⌬cadC alleles were introduced as Kan r deletioninsertion mutations from the Keio knockout collection (4) , and where necessary, the Kan r marker was then excised by site-specific recombination with the aid of plasmid pCP20, as described previously (14) . The latter mutations are shown without the Kan r designation in the table. The extent of each cloned insert region, relative to the start site of transcription most proximal to the coding region of the gene, is given; genomic coordinates for the cloned regions are from Rudd (40 ); and (ii) strain GJ9602 (⌬argP). The microarray data were generated at an outsourced facility (Genotypic Technology Pvt. Ltd., Bengaluru, India).
Other methods. The protocols for EMSA experiments with purified ArgP protein bearing a C-terminal His 6 tag (His 6 -ArgP) have been described earlier (26) , and the reactions were performed in EMSA binding buffer of the following composition: 10 mM Tris-Cl at pH 7.5, 1 mM EDTA, 50 mM NaCl, 5 mM dithiothreitol, and 5% glycerol. The DNA templates were obtained by PCR from E. coli genomic DNA with the various primer pairs listed in Table 2 and one additional control template (295-bp fragment from the lacZ locus, genomic coordinates 364776 to 365070 [40] ) with the primer pair 5Ј-GTGGTGCAACG GGCGCTGGGTCGGTTAC-3Ј and 5Ј-CAACTCGCCGCACATCTGAACTT CAG-3Ј; after 5Ј-end labeling, the PCR fragments were purified by electroelution following electrophoresis on 6% polyacrylamide gels (42) .
Tolerance or sensitivity to L-canavanine was tested by the method given in Nandineni et al. (33) , while resistance to thialysine was scored with 200-g/ml supplementation in glucose-minimal A medium. Procedures for P1 transduction (31) and for PCR, in vitro DNA manipulations, and transformation (42) were as described previously. ␤-Galactosidase assays were performed by the method of Miller (31); each value reported is the average of at least three independent experiments, and the standard error was Ͻ10% of the mean in all cases.
RESULTS

Microarray profiling to identify candidate genes regulated by ArgP in vivo.
We initially undertook a microarray-based comparison of whole-genome mRNA abundances between an isogenic pair of strains that was either ⌬argP (GJ9602) or expressed the dominant constitutively acting S94L variant of the ArgP protein in the argP ϩ strain (MC4100/pHYD926), which had been grown to exponential phase in Arg-supplemented glucose-minimal A medium. At the time that these experiments were done, the genes known to be ArgP regulated in vivo included the following (gene functions are indicated in parentheses): argO (Arg export), dapB (dihydrodipicolinate reductase in the diaminopimelate-Lys biosynthetic pathway), and K. pneumoniae gdhA (glutamate dehydrogenase for NH 4 ϩ assimilation and glutamate biosynthesis). All three genes are repressed upon growth in Lys-supplemented medium (7, 15, 32) .
In the microarray expression experiments between the ⌬argP and argP d (S94L) strains, the mRNA abundances of all three genes listed above exceeded the log 2 difference threshold of 1.0, with values of 2.3, 2.7, and 1.3, respectively. Other genes implicated in Lys metabolism (36) that crossed this threshold were (gene function and log 2 -fold difference are in parentheses) lysP (Lys permease, 2.3), lysC (Lys-sensitive aspartokinase, 1.9), and asd (aspartate semialdehyde dehydrogenase, 1.1).
Accordingly, the E. coli genes argO, dapB, gdhA, lysP, lysC, and asd were chosen for further analysis of in vivo regulation by the ArgP protein and its constitutive variants. Two additional genes, lysA (diaminopimelate decarboxylase) and dapD (tetrahydrodipicolinate synthase), were also included for the study, since both are repressed by Lys, as with the known ArgPregulated genes (36) .
Promoter-lac fusion studies in argP ؉ and argP mutants. For each of the genes dapB, gdhA, lysP, lysC, asd, lysA and dapD, the upstream cis regulatory region was PCR amplified and cloned into pMU575, which is a single-copy-number IncW replicon plasmid vector for generating promoter-lacZ transcriptional fusions (1). The equivalent argO-lac fusion derivative of pMU575 (pHYD1723) has been described earlier (26) .
The eight lac fusion constructs were then introduced into a ⌬argP strain carrying either argP ϩ or any of the constitutive argP mutant alleles on the pSC101-based plasmid vector pCL1920; similar derivatives of ⌬argP with vector pCL1920 alone served as the negative controls in these experiments. ␤-Galactosidase assays were performed for cultures of the strains grown in medium without or with supplementation with Arg or Lys at 1 mM. The data from these experiments, presented in Table 3 , permitted the following interpretations.
(i) Transcription from promoters of the genes gdhA, asd, dapB, dapD, and lysP in cultures of the argP ϩ strains grown in medium not supplemented with Arg or Lys is higher than that in the corresponding ⌬argP derivatives, by factors of approximately 4, 2.5, 23, 4, and 35, respectively. Arg supplementation was without effect for any of these genes.
(ii) All the genes listed above also exhibited repression upon Lys supplementation in the argP ϩ but not the ⌬argP strain, suggesting that Lys repression of their promoters is ArgP mediated. (iii) As has also been reported earlier (26, 32, 37) , argO-lac expression was stimulated 4-fold in the argP ϩ strain relative to that in ⌬argP but only in Arg-supplemented medium. Lys supplementation was associated with repression only in the argP ϩ strain. (iv) The constitutive argP mutations that were used in this study had been selected to confer L-canavanine resistance (that is, for enhanced expression of ArgO, which is the exporter of Arg and L-canavanine) (10, 32) ; as expected, all of them displayed much higher levels of argO-lac expression than the argP ϩ strain without or with Arg or Lys supplementation. The P274S variant in particular was the most effective for constitutive argO expression (with a 270-fold degree of activation).
(v) In the case of the other ArgP-regulated genes discussed above, many of the argP constitutive mutations behaved much like the argP ϩ allele itself for both activation and Lys repression, although a few combinations exhibited differences; for example, the levels of activation obtained with the P108S variant at gdhA (7-fold) and lysC (5-fold) were higher than that with argP ϩ at these promoters, but P108S was also less effective for Lys repression of lysP, and both V144M and P217L were ineffective for activation of asd and dapD. However, the most conspicuous discrepancy was that seen with the P274S variant; although it was the most proficient of all the ArgP d mutants for constitutive argO expression, this variant was among the least effective for activation of expression from all the other ArgPregulated promoters and, indeed, behaved like ⌬argP at several of them (gdhA, asd, dapD, and lysC).
(vi) For lysC, there was a 5-fold repression by Lys in the ⌬argP strain (that is, ArgP independent); this presumably represents the regulation imposed by the Lys-responsive riboswitch that is proposed to exist in the leader region of the lysC mRNA (39, 44 EMSA studies with ArgP. To determine whether the in vivo expression differences between argP ϩ and argP mutant strains for the various promoter-lac fusion constructs were associated with ArgP binding to the corresponding cis regulatory regions in vitro, we performed EMSA experiments as described below. Earlier studies have shown that ArgP-mediated Lys repression can occur by two alternative mechanisms at different promot- (ii) One of the following lac fusion plasmids: pHYD1723 (argO), pHYD2660 (argT), pHYD2668 (asd), pHYD2669 (dapB), pHYD2610 (dapD), pHYD2671 (dnaA), pHYD2602 (gdhA), pHYD2670 (lysA), pHYD2664 (lysC), pHYD2636 (lysP), or pHYD2672 (nrdA).
b Specific activities of ␤-galactosidase (␤-Gal) after growth in glucose-minimal A medium supplemented with 18 amino acids other than Arg or Lys (Nil), 18 amino acids and 1 mM Arg (Arg), or 18 amino acids and 1 mM Lys (Lys) are reported.
c Data indicate the degree of Lys repression for the lac fusion strain concerned, relative to Arg supplementation in the case of argO and to Nil supplementation for the rest.
d Data indicate the degree of regulation imposed by the ArgP variant concerned (or the wild-type ArgP) relative to that in the ⌬argP strain, in medium with Arg supplementation in the case of argO and with Nil supplementation for the rest.
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ers. At dapB or K. pneumoniae gdhA, ArgP binding to the regulatory region is diminished upon the addition of Lys (7, 15) . At argO, on the other hand, Lys-liganded ArgP binds the regulatory region (7, 26, 37) but it then inhibits productive transcription at a step further downstream by trapping RNA polymerase at the promoter (26) . Accordingly, in this study, EMSA experiments with His 6 -ArgP were done in the absence or presence of 0.1 mM Lys, and the cis regulatory regions of gdhA, lysC, dapB, dapD, asd, lysA, lysP, and argO were employed. The data from these experiments are shown in Fig. 1 . The apparent dissociation constants (K d s) for binding of ArgP to the different templates in the presence or absence of Lys are given in Table 4 . Consistent with the data from earlier reports (7, 26, 37) , ArgP exhibited high-affinity binding to argO (K d ϭ 15 nM) that was not diminished in the presence of Lys. Under identical experimental conditions as for argO, the regulatory regions of the other ArgP-regulated genes (asd, dapB, dapD, gdhA, lysA, lysC, and lysP) were also bound by ArgP, with apparent K d s ranging from 55 nM to 170 nM; in all these cases (unlike the situation with argO), the addition of Lys was associated with an increase in the apparent K d , indicating that ArgP binding in these instances is Lys sensitive.
Coregulation of gdhA in vivo by both ArgP and NaCl. In addition to its role in NH 4 ϩ assimilation, glutamate synthesis through the two pathways involving glutamate synthase on the one hand and glutamate dehydrogenase on the other (these are encoded by gltBD and gdhA, respectively) contribute to E. coli osmoregulation, that is, adaptation to growth at high osmolarity (13, 38) . We found that gdhA-lac expression is reduced 3-fold upon growth in a medium rendered highly osmolar by NaCl supplementation; furthermore, the decrease in expression at high osmolarity was additive to that imposed by a ⌬argP mutation, such that gdhA-lac transcription in the ⌬argP mutant grown with NaCl supplementation was 10-fold lower than that in the wild-type strain grown without such supplementation (Table 5) . Although the mechanism of gdhA transcriptional regulation by osmolarity remains to be determined, these data may provide an explanation for the earlier findings of Nandineni et al. (33) that the gltBD argP double mutants are growth inhibited at high osmolarity.
Analysis of lysP regulation by ArgP. The results described above indicated that ArgP binds the lysP regulatory region to mediate its nearly 35-fold transcriptional activation and that the absence of such ArgP binding either in ⌬argP mutants or upon Lys supplementation in argP ϩ strains results in very low levels of lysP expression. In support of this conclusion was our finding that the ⌬argP strain is resistant to the Lys analog thialysine to the same extent (200 g/ml) as a ⌬lysP mutant (data not shown).
Recently, Ruiz et al. (41) had also independently identified ArgP's role both as a transcriptional activator and in mediating the repression of the lysP gene by Lys. However, they reported that ArgP binds the lysP regulatory region with similar affinities in both the absence and presence of Lys and had accordingly suggested that ArgP mediates Lys repression of lysP by the same mechanism of RNA polymerase trapping that it does at argO. Since our results were different from those of Ruiz et al. (41), we repeated the EMSA experiments with lysP, using a graded series of ArgP concentrations in the absence or presence of Lys (Fig. 2A) ; the data clearly establish that binding of ArgP to the lysP template is Lys sensitive. The specificity of ArgP's binding to labeled lysP was also established in this experiment ( Fig. 2A) , by demonstrating that it could be competed by unlabeled lysP DNA (lane 12) but not by two other nonspecific DNA fragments (lanes 13 and 14) .
When nested deletion constructs of the lysP regulatory region were tested, a fragment extending upstream up to Ϫ114 bp (relative to the start site of transcription) was nearly indistinguishable from the larger fragment (extending up to Ϫ219 bp) in terms of both in vivo lac fusion regulation (Table 6 ) and in vitro Lys-sensitive ArgP binding (Fig. 2, compare panels A  and B) . On the other hand, a smaller fragment, extending up to Ϫ76 bp, was inactive for lac fusion expression in vivo (Table 6) and lysP binding in vitro (Fig. 2C) , suggesting that the lysP upstream region between Ϫ114 bp and Ϫ76 bp carries critical sequence determinants for binding of and regulation by ArgP.
ArgP and cadBA regulation. The LysP permease has also been implicated in transcriptional regulation of the cadBA operon encoding Lys decarboxylase. cadBA expression is induced only in medium of low pH that is also supplemented with Lys and is dependent on an activator, CadC. In lysPdefective mutants, cadBA is induced at low pH even in the absence of Lys, and the model is that LysP negatively regulates cadBA by sequestering CadC in the absence of Lys (34, 45) . Since our findings indicated that ArgP is needed for activation of lysP transcription, we tested whether cadBA expression would be rendered Lys independent even in the ⌬argP mutant.
Accordingly, a cadBA-lac fusion was constructed and shown to exhibit regulation by cadC, lysP, low pH, and Lys as reported earlier (34, 45) ; however, the ⌬argP mutant failed to phenocopy the ⌬lysP strain, in that cadBA expression continued to be Lys dependent in the former (Table 7 ). These data suggest that the basal level of LysP permease present in a ⌬argP strain is sufficient for the negative regulation of cadBA in the absence of Lys.
Testing for cross-regulation by LysR and ArgP genes. As mentioned above, ArgP belongs to the LTTR family, of which LysR is the prototypic member (30) . Since both LysR and ArgP are involved in mediating the repression by Lys of different genes, we tested for the possibility of cross-regulation by the two transcription factors in vivo.
A ⌬lysR strain fails to express lysA and hence is a Lys auxotroph (36) . Therefore, to test for regulation in the presence or absence of Lys in the ⌬lysR mutant, we constructed derivatives in which lysA was ectopically expressed from the P ara promoter on a plasmid (pHYD2673). The LysR-regulated lysA-lac and ArgP-regulated lysP-lac fusions were employed for tests of in vivo cross-regulation (by ArgP and LysR, respectively); the data reported in Table 8 indicate that there is no cross-regulation of lysP by LysR and that ArgP's ability to activate lysA occurs only in a lysR ϩ background. The expression of a lysR-lac fusion was also unaffected in a ⌬argP strain, although it was increased 2-fold in a ⌬lysR mutant (Table 8) , indicative of negative autoregulation (36) .
Genes for Arg import are not regulated by ArgP. Since ArgP is required for transcription of the Arg exporter ArgO, we also tested the promoters of other genes known to be involved in Arg transport (artP, artJ, argT, and the hisJQMP operon) as candidates for regulation by ArgP. The respective promoter- lac fusions were constructed, but neither the ⌬argP mutation nor Lys supplementation affected the expression of any of them (Table 9 ). Consistent with earlier reports (8, 9) , the lac fusions with the promoters of hisJ, artJ, and artP exhibited repression by Arg in the wild-type strain and derepressed expression in a ⌬argR mutant (Table 9) . EMSA experiments undertaken with the regulatory region of one of the genes, argT, revealed a very low affinity of binding by ArgP that was Lys independent (Fig. 3 and Table 4 ); the expression of the argT-lac fusion was also not affected in any of the argP d mutants (Table 3) .
ArgP and regulation of genes of DNA replication and metabolism. In its description as IciA, ArgP has been reported to regulate dnaA and nrdA transcription (20, (27) (28) (29) . We constructed and tested the promoter-lac fusions for both these genes, but neither was altered in expression in the ⌬argP or argP d mutants compared to its expression in the argP ϩ strain, either without or with Lys supplementation (Table 3 ). Our conclusion runs contrary to that of Han et al. (20) , who overproduced IciA (ArgP) and employed an RNase protection assay to show that nrdA transcription is ArgP regulated in vivo. In EMSA experiments using ArgP and the cis regulatory regions of both dnaA and nrdA, we observed binding at an apparent K d of around 150 nM that was unchanged in the presence or absence of Lys (Fig. 3 and Table 4 ).
Finally, since our data showed that ArgP binds several DNA templates in vitro without a corresponding regulatory effect in vivo, we asked whether at high concentrations it would exhibit binding to a completely nonspecific control DNA fragment. When tested by EMSA, negligible binding of ArgP was observed even at 400 nM to an internal 295-bp DNA sequence from lacZ ( Fig. 3 and Table 4 ). These findings are consistent with other reports that ArgP does not bind DNA nonspecifically (23, 41) , as also with both the inability of nonspecific DNA fragments to compete with lysP for binding to ArgP (Fig.  2) and the very weak binding of ArgP to argT (Fig. 3) .
DISCUSSION
The Arg exporter ArgO was among the first whose expression in vivo was identified as being under the transcriptional control of the LTTR ArgP, and the argP d mutants were obtained as derivatives with greatly elevated argO expression (32) . In the case of argO, ArgP mediates its transcriptional activation by Arg, as well as its repression by Lys (7, 26, 32, 37) ; the latter is achieved by a mechanism involving the active trapping at the argO promoter by ArgP of RNA polymerase, which is then prevented from being released to engage in productive transcription (26) . Subsequently, dapB and K. pneumoniae gdhA have also been shown to be ArgP regulated and to be repressed with Lys; in both these instances, Lys repression is achieved by reduced binding of ArgP to the DNA regulatory regions in the presence of Lys (7, 15) .
In the present work, we have constructed lac fusions to promoters of genes connected with Arg or Lys metabolism and transport and studied them in the argP ϩ , ⌬argP, and argP d strains to identify several new ArgP-regulated genes in vivo. These include lysP, lysC, lysA, dapD, and asd (in addition to argO, dapB, and gdhA), all of which exhibited ArgP-mediated repression upon Lys supplementation in vivo, as well as ArgP binding to the corresponding cis regulatory regions in vitro.
Insights from the use of argP d mutants. For many of the newly identified targets of ArgP listed above, the magnitude of in vivo regulation by ArgP (and of repression by Lys) was only around 3-fold, and it was the data on lac fusion expression in the argP d mutants that offered additional confidence that this regulation was indeed real.
Although the argP d mutants had been obtained (10, 32) on the basis of their resistance to L-canavanine and increased expression in them of argO, the mutants exhibited different effects on the other target genes with regard both to the degree of activation relative to that in the ⌬argP strain and to the degree of repression upon Lys supplementation (Table 3) . Of these, the most significant difference was that for the P274S variant, which was almost completely defective for activation of lysC, asd, dapD, gdhA, and dapB and partially so for lysP, whereas it was indeed the most effective of all the argP d mutants for argO activation. On the other hand, for the genes such as argT, dnaA, or nrdA that are not ArgP regulated, there was no difference in expression between the ⌬argP derivative and any of the argP d mutants. The expression data with the argP d mutants also indirectly illustrate the complexity of ArgP's binding interactions with and at the cis regulatory regions of its target genes, since the mutations appear to affect these interactions differently at different targets. a Values reported are the specific activities of ␤-galactosidase (␤-Gal) in derivatives of the indicated strains carrying gdhA-lac on plasmid pHYD2602 after growth in glucose-minimal A medium without (ϪNaCl) or with (ϩNaCl) supplementation with 0.4 M NaCl and 1 mM glycine betaine. a From the EMSA autoradiograph for each of the DNA templates, the amounts of radioactivity in the bands corresponding to free (unbound) DNA were densitometrically determined for the different lanes, and the apparent K d in the absence (Ϫ) or presence (ϩ) of 0.1 mM Lys was calculated from the curve-plotting values of the unbound fraction versus the ArgP concentrations used.
Regulation by ArgP of Lys-biosynthetic genes. Of the ArgPregulated and Lys-repressed genes identified earlier and in this study, five encode enzymes for biosynthesis of diaminopimelic acid and Lys (36) : two in the pathway that is common for Lys, threonine, and methionine biosynthesis (lysC and asd) and three in the Lys-specific pathway (dapB, dapD, and lysA). Of these, lysC and lysA exhibit additional mechanisms for Lys repression, involving, respectively, a postulated riboswitch (39, 44) and the LysR regulator protein (30, 36) .
Our results indicate that ArgP activates lysA transcription 2-fold but only in cells that are also proficient for LysR. On the other hand, ArgP-mediated regulation of lysC is independent of and additive to the putative riboswitch regulatory mechanism. One may speculate that Lys-dependent modulation by ArgP of multiple genes of the pathway provides a fine-tuning effect in controlling the flux of intermediates serving the biosynthesis of three different amino acids for protein synthesis, as also of diaminopimelic acid for peptidoglycan assembly. [40] ), while NS2 is the same 295-bp lacZ fragment that was used for the EMSA whose results are shown in Fig. 3 .
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Role for ArgP in Lys-mediated repression in E. coli. As mentioned above, all genes so far identified to be ArgP mediated are repressed by Lys, and we suggest that all Lys-liganded repression is mediated by ArgP in E. coli. LysR also mediates Lys repression (of lysA), but in this case it has been suggested that the coeffector ligand is diaminopimelic acid (which is the substrate for lysA) and that the latter's binding to LysR converts it into its activator conformation (30, 36) . Although Lysliganded repression is a common feature of all the ArgP-regulated genes, different mechanisms operate to achieve such repression at different genes, as discussed below.
Regulation of lysP by ArgP. Of the various ArgP-regulated genes, the three that exhibited Ͼ10-fold activation were argO, dapB, and lysP. The lysP gene encodes a Lys-specific permease, and our data indicate that it is around 35-fold activated by ArgP and 5-fold repressed by Lys; a ⌬argP mutant phenocopies a ⌬lysP mutant for resistance to the Lys analog thialysine. LysR does not participate in lysP transcriptional regulation. In vitro, ArgP binds the lysP regulatory region with a K d of around 55 nM and the binding affinity is diminished upon the addition of Lys (to a K d of Ͼ140 nM), suggesting that Lys represses lysP in vivo by engendering the loss of ArgP binding to the lysP operator region. The in vitro data also indicate that the lysP upstream sequence between Ϫ76 bp and Ϫ114 bp is required for ArgP binding.
In addition to its role in active uptake of Lys, the LysP permease also participates in Lys-dependent transcriptional regulation of the cadBA operon, by sequestering the CadC activator in the absence of Lys but not in its presence (34, 45) . We found in this study that the ⌬argP mutant does not phenocopy a ⌬lysP mutant for cadBA expression, suggesting that the basal level of LysP which is present in a ⌬argP strain is sufficient for mediating the sequestration of CadC in cadBA regulation.
While this work was being completed, Ruiz et al. (41) independently reported the identification of lysP as a Lys-repressed transcriptional target of ArgP. While most of our results on lysP are similar to those of Ruiz et al. (41) , one important difference is their description that ArgP's binding to the lysP regulatory region in vitro is Lys insensitive (and therefore similar to ArgP's binding to argO), whereas we found that it is Lys sensitive. Perhaps this discrepancy may be related to differences in the protocols employed in the two laboratories for ArgP purification or the subsequent protein-DNA binding studies, although we emphasize that our demonstration of Lyssensitive binding of ArgP to lysP was made under the identical conditions in which ArgP's binding to argO was Lys insensitive (Fig. 1) .
Unique features of argO regulation by ArgP. Of the different genes under the control of ArgP in vivo, argO appears to be unique in at least two ways in its manner of regulation. First, it is the only gene that requires Arg as a coeffector for its activation. Second, it is also the only example in which ArgP's binding to the cis regulatory region is not Lys sensitive, so that a Values reported are the specific activities of ␤-galactosidase in derivatives of the indicated strains carrying both the P ara -lysA plasmid pHYD2673 and one of the following plasmids: pHYD2670 (lysA-lac), pHYD2675 (lysR-lac), or pHYD2636 (lysP-lac). Strains were grown in minimal A medium supplemented with 0.2% each of glycerol and l-arabinose along with one of the following: 18 amino acids other than Arg and Lys (Nil), 18 amino acids and 1 mM Arg (Arg), or 18 amino acids and 1 mM Lys (Lys). a Values reported are the specific activities of ␤-galactosidase in derivatives of MC4100 (wild type), GJ9602 (⌬argP), and GJ4748 (argR) carrying the indicated lac fusion plasmid after growth in glucose-minimal A medium without (Nil) or with supplementation with Arg or Lys at 1 mM. b Values reported are the specific activities of ␤-galactosidase (␤-Gal) in derivatives of MC4100 (argP ϩ ) or GJ9602 (⌬argP) carrying the indicated lysP-lac fusion plasmids after growth in glucose-minimal A without (Nil) or with (Lys) Lys supplementation at 1 mM. a Values reported are the specific activities of ␤-galactosidase (␤-Gal) in the indicated strain derivatives carrying the cadBA-lac fusion plasmid pHYD2674 after growth in minimal A-based medium of pH 7.4 or pH 5.8 supplemented with either 19 amino acids other than Lys (Nil) or 19 amino acids and 10 mM Lys (Lys).
repression by Lys is achieved by an RNA polymerase-trapping mechanism at the argO promoter.
The differences between argO and the other target genes with regard to the features of their regulation by ArgP are also reflected in their differential responses to the argP d mutations (although it must be noted that these mutations were selected on the basis of their ability to confer greatly increased argO expression). Perhaps the most prominent distinction is that obtained with the P274S variant of ArgP, as discussed above.
Thus, it appears that the mechanism of regulation of argO by ArgP is fundamentally different from that of the other genes regulated by this protein. At the same time, it is noteworthy that two of the genes that are most prominently regulated by ArgP, argO and lysP, are both also regulated by the leucineresponsive general transcriptional regulator Lrp (37, 41) .
dnaA and nrdA are not regulated by ArgP in vivo. In its proposed avatar as IciA, ArgP has been reported to bind oriC in both E. coli (21) (22) (23) 46) and Mycobacterium tuberculosis (25) and to regulate transcription from promoters of the dnaA and nrdA genes (20, (27) (28) (29) . We found that ArgP does bind to the regulatory regions of dnaA and nrdA in vitro with moderate affinity but that it does not regulate their transcription in vivo.
Thus, we believe that ArgP does not play a role in transactions involving DNA metabolism or replication in E. coli, which conclusion is supported by the facts that neither a ⌬argP mutant nor an ArgP-overproducing strain is compromised for DNA replication or growth rate (46) .
ArgP as a noncanonical transcriptional regulator. Genomewide chromatin immunoprecipitation studies have been described recently for a number of transcriptional regulators in E. coli, according to which several, such as MelR (17, 18) , MntR (49), NsrR (35) , and PurR (12), behave canonically in that each exhibits binding at sites where it serves to control transcription of the adjacent genes or operons. Lrp also appears to be a canonical transcriptional regulator, although it binds nearly 140 sites in the genome (11) .
On the other hand, DNA binding by the activator protein C-reactive protein (CRP) is apparently noncanonical, since there are about 70 sites where it binds strongly and exerts its transcriptional regulatory function and a further approximately 10 4 sites of low-affinity binding (17) . CRP's behavior contrasts with that of its closely related paralog FNR, which binds canonically at around 65 locations without any noise of lowaffinity binding (16) . Another example of noncanonical binding is RutR, many of whose binding sites fall within gene coding regions (43) . Our studies would suggest that the ArgP or IciA protein is also a noncanonical transcriptional regulator, in that it does exhibit specific DNA binding to mediate the transcriptional regulation of particular genes in vivo, but in addition, it also binds at other sites in the genome that are not associated with regulatory outcomes. The purpose of the latter category of binding by ArgP remains to be determined. It has been speculated in the case of CRP that by bending the DNA at its noncanonical binding sites, the protein may contribute to chromosome shaping and chromatin compaction (17, 47) . ArgP too may similarly participate in shaping the nucleoid architecture, given its reported propensity to bind curved DNA (2) . It is also possible that the putative dual functions of ArgP, in transcriptional regulation and in chromosome organization, are in some way related to its ability to dimerize in two different modes (as deduced from the crystal structure of the M. tuberculosis ortholog) (50) .
Finally, it is noteworthy that many of the genes regulated by ArgP are controlled also by other mechanisms, such as by LysR for lysA, osmolarity for gdhA, the riboswitch for lysC, and Lrp for argO and lysP. These results therefore lend support to the notion that multitarget regulators and multifactor promoters represent the norm in bacterial gene regulation (24) .
